Abstract-With the increased levels of wind power penetration into power systems, the influence of wind power on stability of power systems requires more investigation. Conventional synchronous generators are increasingly replaced by wind turbines and thus wind turbines have to contribute to power system stability. In this paper, the effects of double fed induction generator (DFIG) based wind farms and their controllers on small signal stability are investigated. Moreover, since wind turbines have to contribute to power system oscillation damping, a power oscillation damping controller within DFIG rotor side converter is developed in this study. The proposed damping control is validated on realistic Western System Coordinating Council (WSCC) power system consisting of DFIG based wind farm and synchronous generators. The simulation results show the effectiveness of the proposed power oscillation damping controller. With the proposed controller, DFIG based wind farm improves the system small signal stability dramatically by damping the system oscillations effectively.
I. INTRODUCTION
In recent years, the integration of wind power into power systems has increased rapidly. During the last decade, the installed capacity of wind turbines has increased at an unexpected rate, and the wind turbines costs have also decreased [1] . Most of the recently installed wind turbines are variable speed wind turbines employing doubly fed induction generators. With the increased levels of DFIG, the influence of DFIG on small signal stability of power systems needs more attention.
As DFIGs are relatively new technologies in comparison with conventional synchronous generators, their dynamic behaviour are still under research. Recently, an increased research effort is devoted to address the stability of power systems with the increased penetration of wind power. The impact of wind power on power system oscillations was investigated in [2] . The results indicate that the penetration of wind power tend to improve the system oscillations and does not induce new oscillatory modes. Power electronic converter of the DFIG acts as an interface between DFIG generator and the grid. Therefore, with the increased penetration of DFIG wind farms, the effective inertia of the system will be reduced [3] . Since all of wind power generators are not synchronously coupled to the power systems, the turbine itself does not participate in electromechanical oscillations. Rather, the penetration of wind power will have a damping effect due to reduction in the size of synchronous generators that engaged in power system oscillations. However, the effect of wind power generators on small signal stability depends on the kind of wind generator and their controllers [4] .
To improve the oscillations damping of power systems with high penetration of DFIG based wind farms, an auxiliary damping control loop for DFIG is used. Eigenvalue analysis and time domain simulation was used in [5] to study the capability of DFIG to damp power oscillations. The results indicate that damping of network oscillation can be significantly enhanced by a prober designed DFIG power system stabilizer (PSS). The proposed PSS can work over full operation slip without degradation the system voltage. In the above study, the adopted PSS is similar to the PSS of the synchronous generators and it was attached to the active power control loop of the DFIG rotor side converter (RSC). In [6] , a two area system with a large wind farm is analysed by a time domain simulator. An axillary damping control loop is added to the DFIG-RSC to improve the damping of interarea oscillations in high wind power penetration. The paper concluded that the active power modulation of DFIG based wind farm is an effective method for damping oscillations in power systems. Moreover, reference [7] stated that DFIG is able to improve power oscillations better than other types of wind generators even in weak systems. DFIG based wind farms are capable to control active and reactive power independently that both could be used to improve small signal stability. Vector control technique can be used to achieve this decoupled control strategy.
In this paper, the effect of DFIG based wind farms on power system small signal stability and their control capabilities to enhance the damping of network oscillations are investigated. A supplementary damping control is proposed within RSC of DFIG wind farm. Moreover, as the new wind farms have to contribute to the grid voltage regulation, the effect of DFIG voltage control mode on the proposed damping control is considered. This paper is organised as follows: First, the modelling of DFIG is described Section II. Then a simple real test system is described in Section III. After that the results and discussion of a number of cases are outlined in section IV. Finally, the paper conclusions are summarised in section V.
II. MODELLING OF DFIG
The general structure of DFIG based win in Fig. 1 . The DFIG consists of wind tu wound rotor induction generator, back-to-b their controllers. The induction generator connected to the grid whereas the rotor back-to-back voltage source converter. Th during grid faults, to protect the rotor si over current in the rotor circuit.
The DFIG based wind farm is modelle simulation tool. However, as the main purp to examine the impact of DFIG on power s stability and analyses the capability of DFIG to damp power systems oscillations, only induction generator and DFIG-RSC is ment
A. Generator Modelling
The induction generator stator and equations can be expressed as follows: 
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B. Rotor Side Converter Modellin
The control of DFIG stator power (3), (4) and (7) ( )
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Equation (18) shows that DFIG stator a power (P s and Q s ) can be controlled indepe axes rotor current i qr and i dr respectively. Th of rotor current i qr and i dr can be determine and Q s by the outer power control loops.
By rewriting the equations (19), (20) Fig. 2 shows the overall v DFIG-RSC. The reference sign control loops are generated by and active power respectively generated by deducting the cu reference signals i * dr and i * qr resp signals are formed into two volt inner control loops using two output of the inner current compensated by the correspond and v qr2 ) to form the d-q respectively. These signals are modulation (PWM) to create control [11] , [12] .
C. Damping Control Modelling
As explained in rotor side co and reactive power (P s and Q s independently by controlling respectively. These control loop power system stability by Therefore, a robust control damping of power system oscill signal to the active or reactive paper, the additional signal is control loop of DFIG. The signa to the reference power (P S * calculated by using the max (MPPT) lookup table. The D damping control is shown in Fig  The main In order to study the effect of DFIG power system small signal stability and damping capability, a nine buses test system in Fig. 3 . The system total load is 315 MW The three synchronous generators are automatic voltage regulator of IEEE type more straightforward assessment, non synchronous generators are equipped w stabilizer. Generators G 1 and G 2 are equi governor type TGOV1. The static and dy test system can be found in [13] .
A time domain simulation with a d synchronous generators and DFIG based w this study. The test system and the DFIG modelled and simulated by using NEPLA The three loads were modelled as 33% con constant power and 33% constant impedanc
The wind farm consists of 17 wind turbin a large DFIG wind turbine. The DFIG generates 85 MW which is similar amoun from the replaced synchronous machine G penetration level of wind power is about load. The aggregation method used to a turbines in this study is explained in [16] .
IV. RESULTS AND DISCUSSI
In this study, five different cases eigenvalue and transient analysis to show DFIG on power systems small signal investigate the power oscillation damping c based wind farms. The description of following:
• Case A: there is no wind power con system. It is a base case in which the conventional synchronous generators.
• Case B: synchronous generator G 3 is r based wind farm with an equivalent rat nt gain to determine washout block to the signal is passed the required phase ontrol is similar to d by equation (34) (34) and output signals w is a washout time onstants (s).
wind turbines on d their oscillation m is used as shown W and 115 MVAr. equipped with an e 1. However, for ne of the three with power system ipped with turbine ynamic data of the detailed model of wind farm is used in G wind turbine are AN software [14] . nstant current, 33% ce [15] . nes aggregated into based wind farm nt to that generated G 3 . In this case, the 27 % of the total ggregate the wind factor and it is equipped control.
• Case E: The wind farm is mode controlling its termi equipped with the proposed
A. Eigenvalue Analysis
The electromechanical oscilla frequency range of 0.1 to 2 Hz modes for the first three cases c
The three main modes are frequency. However, replacing an equivalent DFIG wind far electromechanical oscillations. damping factor is increased to 4 Furthermore, the damping of further to 4.5 % when the wind voltage. In addition, contribut mode in cases B & C is higher because DFIG wind farm h oscillatory modes. ations of the test system in the z are observed. The dominant ase can be seen in Table I. oscillating at a near similar a synchronous generator with rm improves the damping of The dominant eigenvalue 4.4 % in the case of wind farm. f the oscillation is improved d farm controlling its terminal tion of G 2 to the oscillatory than the first scenario. This is has no contribution to the In the synchronous generators cas oscillation gets the contribution from the generators. The first generator is swinging two. However, in the case of wind f contribution from the DFIG. In this case, o contribution from G 1 and G 2 which are each other.
To investigate the oscillation damping c wind farm, a supplementary damping cont the active power control loop of the wind fa cases. As can be seen in Table II , the p shifted the dominant eigenvalues toward th both cases. The damping factor is increased B) to 7.6 % (case D) respectively. This proposed damping control is effectivel damping of the oscillatory main mode. In damping is increased from 4.5 % (case C) However, this amount of damping is less th It is worth to note that replacing a sync with an equivalent DFIG based wind farm the small signal stability of the power sys of the oscillatory eigenvalues can be enha the terminal voltage of the wind farm con controlling the terminal voltage of win equipped with PSS can reduce their dampin
B. Transient Analysis
In this section, the effectiveness of the control is examined during system transien simulator. In this case, the test system is disturbance, three-phase short circuit fa chosen to be close to G 2 the most Therefore, a three-phase to ground fault imposed near bus 7. The fault was cleare faulted line (line 5-7) from both sides simul
The dynamic response of G 2 rotor ang during transient period are plotted together shown in Fig. 4 . It is clear that the propose damps the oscillation effectively. The roto in the case of damping control are dam However, the rotor angle variations synchronous generator and wind farm control continue to oscillate after 10 s. M angles oscillations show that DFIG with P proposed damping nt by a time domain exposed to a large ault. The fault is critical generator. t for 150 ms was ed by opening the ltaneously. gles relevant to G 1 for all the cases as ed damping control or angle variations mped in just 6 s. in the case of without damping Moreover, the rotor SS and operated at a unity power factor can effectively than a wind farm w control. Fig. 5 shows the DFIG act damping control. The active po the case of damping control, is case without damping control. T is a result of damping control power control loop of DFIG. damping of the proposed dam disappears quickly. Fig. 6 shows the dynamic terminal voltage for each case terminal voltage reaches to n cleared but the crowbar is s induction generator absorbs a la Moreover, it is clear that the farm in the case of the unity p slowly and continues to oscilla oscillation disappears. However mode, the terminal voltage is re In this paper, the influence of DFIG based wind farms and their controllers on power system small signal stability are investigated. Moreover, a power oscillation damping controller is proposed and examined in this study. From the results of this study, the DFIG based wind farms have no negative impact on power system small signal stability, because wind generators have no contribution to the system electromechanical oscillations. However, DFIG based wind farms have the capability to improve power oscillations. The inclusions of the proposed damping control within RSC of the DFIG wind farm can substantially improve the damping of the oscillation. The effectiveness of the proposed control is also demonstrated by a time domain simulation. Furthermore, the results also indicate that the effectiveness of the damping control can be reduced if DFIG reactive power is used to control the terminal voltage of wind farm.
